Increasing plastics production and improper disposal have consequently led to an input of 48 plastics into the marine environment which has been quantified to up to 12 million tons 49 worldwide in 2010 (Jambeck et al., 2015) . Once plastics reach the oceans, they are almost 50 impossible to remove and merely disintegrate by chemical, physical and biological processes 51 over time into smaller and more numerous microplastics (MP, <5 mm (Arthur et al., 2009) ). Due 52 to its ubiquity and longevity, plastic pollution in the marine environment has been recognized as 53 a threat globally and is one of the "novel entities" referred to in the planetary boundaries concept 54 In this study, we aimed to gain a valuable insight into the spatial distribution of MP in the 72 southern North Sea, in terms of the MP concentrations, polymer types and size classes. To 73 achieve this, we sampled two marine compartments, sediments and surface waters, at 24 74 stations. We employed state-of-the-art techniques to extract MP and analyze samples based on 75 attenuated total reflection (ATR) Fourier transform infrared (FTIR) spectroscopy and focal plane 76 array (FPA) based FTIR imaging. In the present study we also applied a novel approach based 77 on uni-and multivariate statistics to investigate the questions: (1) Do MP metric parameters 78 differ significantly between the two sampled compartments?; (2) Which polymer types and size 79 classes contribute most to these differences?; (3) Do spatial patterns driven by polymer 80 composition or size distribution exist within each compartment? 81
In this study we applied innovative analytical techniques to expand the field of environmental MP 82 research and to generate assured and comparable data for the ongoing development of MP 83 monitoring strategies. Sampling was conducted during a survey aboard the RV Heincke (He430) in the southern North 87
Sea between the 30 th of July and the 11 th of August 2014. Sediment and water samples were 88 taken at 24 stations (Figure 1, Supporting Information (SI) Table S1). Surface water was 89 sampled using a Neuston Catamaran (HydroBios Apparatebau GmbH) towed alongside the 90 vessel for up to 20 min. The attached net had an opening of 0.15 m × 0.30 m and a mesh size of 91 100 µm, capturing particles >100 µm but also smaller particles trapped in aggregates and due to 92 clogging of the mesh during sampling. The sampled water volume and surface area were 93 determined by a mechanical flowmeter (HydroBios Apparatebau GmbH) mounted at the opening 94 of the net (SI Table S1 ). All materials collected in the cod end were rinsed into a 1-L Kautex-95 bottle (polyvinyl chloride with polyethylene containing lit, Kautex Textron GmbH & Co KG). 96
Sediment samples were taken with a Van-Veen grab deployed at each station, with the upper 97 5 cm of the sediment transferred into 1-L Kautex-bottles with a metal spoon. All samples were 98 immediately stored at -20 °C until further processi ng in the lab. 99
MP extraction from sediment and surface water samples 100
Multiple steps were taken to remove natural organic and inorganic matter to facilitate effective 101 MP analysis. Measures for contamination prevention during sample processing are described in 102 the SI Paragraph S1. Sediment samples of around 2 kg wet weight each were defrosted, 103 transferred into glass jars, and then homogenized. Triplicates of approximately 5 cm³ each were 104 taken to determine the dry weight of each sediment sample. Extraction of MP from the remaining 105 sediments was performed using the MicroPlastics Sediment Separator (MPSS, HydroBios 106
A size fractionation of each sample was conducted, as sample processing and analytical 110 approaches varied for different MP size categories. The extracted sediment samples and the 111 defrosted surface water samples were screened over a 500-µm stainless steel mesh (Haver & 112 Boecker OHG). The material retained on the mesh was thoroughly rinsed with filtered water 113 (Milli-Q, 0.2 µm), and Ethanol (30%) also to remove any residual ZnCl 2 in the case of the 114 extracted sediment samples. This step divided the sample into two size fractions potentially 115 containing particles of either >500 µm and <500 µm respectively. 116
All steps taken in the laboratory are displayed in a flow scheme (SI Figure S1 ), and are 117 explained in the subsequent sections. 118
MP >500 µm 119
The >500 µm fraction was rinsed into a beaker and manually sorted in a Bogorov chamber 120 under a stereo microscope (Olympus SZX16, Olympus) at a 100-320x magnification. All 121 putative MP particles were transferred into glass petri dishes, photographed under the 122 microscope (Olympus DP26 Digital Camera, Olympus) and measured (length at their longest 123 dimension) using image analysis software (cellSens, Olympus). 124
MP <500 µm 125
The general approach to purify and extract MP from the <500 µm fraction followed the Inorganic material (e.g. sand, calcium carbonate) was removed by a density separation 146 performed in separation funnels containing ZnCl 2 (ρ=1.7 g cm -³). Over a period of usually one to 147 three days (n=30), but in some cases extended to seven days (n=16), the denser materials 148 settled to the bottom and were removed. 149
The upper phase of the density separation treatment, containing the lighter material, was passed 150 through 20-µm stainless steel filters to remove the ZnCl 2 . The retained material was transferred 151 into 100-mL glass bottles by rinsing the filter with Milli-Q and stored for analysis. For FTIR 152 measurement the processed sample needed to be transferred onto aluminum oxide filters 153 (Anodisc, 0.2 µm, Whatman GmbH) . Each sample was concentrated onto a 154 13 mm diameter filter area, using in-house fabricated glass filter funnels and a vacuum filtration 155 unit. Prior to this a FlowCam (Fluid Imaging Technologies) was used to determine a suitable 156 subsample volume that could be applied onto the filter area without overloading it (SI Paragraph M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 9 aluminum oxide filter each (SI Table S2 ). The loaded filters were transferred into covered glass 161 petri dishes and dried for 48 hours at 30 °C. 162
Identification and quantification of MP >500 µm using ATR-FTIR 163
All putative plastic particles were identified individually using an ATR-FTIR unit (Bruker Optik Technically, during processing of the samples the lower size limit is defined by the mesh size of 178 the filters. However, also smaller particles will have been captured allowing a semi-quantitative 179 analysis of particles between 11 µm and 20 µm. 180
By measuring a grid of 77×77 (surface waters) or 78×78 (sediments) FPA fields, corresponding 181 to a filter area of 184 mm² and 188 mm², respectively, every particle was analyzed. 182
The FTIR imaging data were automatically analyzed following Primpke et al. Table S3 ). 187
Data handling and statistical analysis 188
The MP counts of each analyzed filter were extrapolated to the respective sample based on the 189 analyzed proportion (SI Table S2 ) and corrected for contamination recorded in procedural blank 190 samples (n=6). The total amount of MP in both size fractions was combined and presented as 191 MP per kg dry weight sediment (particles kg -1 (DW)) or water volume sampled (particles m -³). 192
Percentages of polymer types and size classes were arcsine square root (univariate statistics) or 193 square root transformed (multivariate statistics) (Sokal and Rohlf, 1995) . The multivariate 194
analyses were carried out based on Hellinger distance transformation, a recommended measure 195 for ordination and clustering of (polymer) species abundance data, which does not put high polymer composition and diversity as well as assigned groups were prepared using QGIS 216 (version 3.2 'Bonn'). The displayed shoreline data was taken from the Global Self-consistent, 217
Hierarchical, High-resolution Geography Database (GSHHS) 218 https://www.ngdc.noaa.gov/mgg/shorelines/gshhs.html, hosted by the National Oceanic And 219
Atmospheric Administration (NOAA) by Wessel and Smith (1996) .
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RESULTS
221
Comparison of two size fractions of MP in sediment and surface water samples 222
Microplastics from 23 sediment and 23 surface water samples, out of 24 sampled stations, could 223 successfully be extracted and analyzed. For each sample two size fractions (MP >500 µm and 224 MP <500 µm) were analyzed separately and their results later combined for statistical analyses. 225
The two size fractions differed considerably concerning polymer composition and size 226 distribution. Overall, for MP > 500 µm, only one polymer type (polyester) was identified in 227 sediment samples and eight different polymer types were found in surface water samples. 228
Concerning MP <500 µm, 21 different polymer types were found in the sediment samples and 229 19 different polymer types in surface water samples. 230
In sediment samples only 0.04% of all detected particles were >500 µm while 99.96% were MP 231 <500 µm. For surface water samples 6.02% of all the detected particles were >500 µm while 232 93.98% accounted for MP <500 µm. A selection of MP >500 µm detected in five surface water 233 samples can be found in the SI Figure S3 . Two examples of filters with MP <500 µm and their 234 respective false color plot of one station for sediments and surface waters each are shown in the 235 SI Figure S4 . 236
Comparison of MP occurrence in sediments and surface waters of the southern North 237
Sea 238
Combining both size fractions, MP concentrations in sediments ranged from 2.8 (station 11) to 239 1188.8 particles kg -1 (DW) (station 23) and for surface waters from 0.1 (station 22) to 240 245.4 particles m -3 (station 20) (SI Table S4 , Figure 1 ). 241
The two investigated compartments, sediments and surface waters, differed greatly regarding 242
supported by CAP, depicted in SI Figure S6 , with a reasonably high correlation value of 0.89 and 247 revealed six samples to be mismatched with a mis-classification error of 13.04%. Sediment 248 samples from three stations (11, 18, and 21) were falsely allocated to surface waters and three 249 surface water samples (stations 6, 22, and 23) were allocated to sediments. ANOVA was 250 significant when comparing polymer richness and Shannon-Wiener index H' based on polymer 251 types for both compartments (p-value=0.001) (SI Table S6 ). The spatial distribution of this 252 polymer diversity is depicted in SI Figure S7 . Figure value=0.000) (SI Table S7 ). 277
When comparing the size distribution (11-5000 µm) of polymers in sediment and surface water 278 samples, they differed significantly (PERMANOVA, p-value=0.001) (SI Table S8 ). Cluster 279 analysis revealed a higher variance in surface water than in sediment samples (SI Figure S8) . 280
This was highlighted by CAP which had a moderately large correlation value of 0.61 and 281 revealed only surface water samples (n=8) to be mis-classified with a relatively low mis-282 classification error of 17.39% (SI Figure S9 ). Furthermore, in both compartments the size 283 distribution of MP is clearly skewed towards the smallest size classes (Figure 4) . The ANOVA for 284 the individual size classes revealed that the average abundance of polymers in the size classes 285 25-50 µm (p-value=0.008) and 50-75 µm (p-value=0.007) was significantly higher for sediment 286 than surface water samples. This was the opposite for size classes 500-1000 µm (p-287 value=0.031), 2000-2500 µm (p-value=0.038), and 2500-3000 µm (p-value=0.004) (SI Table  288 S9). 289
Spatial distribution of MP occurrence in the southern North Sea 290
After confirming significant differences between the sediment and surface water compartments, 291 intra-compartmental variations between sampling stations were investigated. 292
A kR-clustering with SIMPROF was applied to highlight stations that were more similar 293 concerning their polymer composition. Figure 5 shows the spatial distribution of these identified 294 kR groups. Five groups (A-E) were found to best represent the clustering of sediment samples 295 (R=0.921) (SI Figure S10 ) with most samples belonging to group D (n=12) (Figure 5a) . Figure S11 ). One sample from group C was mis-classified as belonging to group B (station 299 11) and one sample from group B was mis-classified as being part of group E (station 15) with a 300 low mis-classification error of 8.70%. To discover which polymer types drive this clustering in 301 sediment samples an ANOVA with a subsequent Tukey HSD was performed. This analysis 302 revealed six polymer types that contributed significantly to the dissimilarity between the grouped 303 stations (SI Table S10 ), which are PE chlorinated, PA, CMC, acrylates/PUR/varnish, 304 polychloroprene and rubber type 3. Polychloroprene dominated samples belonging to group D 305 (n=12, stations 1-3, 5-10, and 22-24). Polyamide was preeminent for group E (n=5, stations 4, 306 12, and 19-21). Sediment samples from the Rhine-Meuse-delta (station 14, 15) belonged to 307 group B (n=2) and were dominated by rubber type 3. Group C (n=2) was characterized by a low 308 polymer diversity (station 11, 16) and the prevalence of acrylates/PUR/varnish and CMC was 309 distinct for group A (n=2, station 13, 18). differences between the four identified groups (SI Table S11 ). The presence of rubber type 3 318 difference is even more striking with numbers ranging from 9.5 to 4041.9 particles m -² in 333 sediments and 0.01 to 24.5 particles m -2 in surface waters (SI Table S4 ). Furthermore, both 334 compartments were clearly dominated by MP <500 µm. Although the numbers of MP >500 µm in 335 surface water samples were noticeable, they had hardly any influence on the sample 336 comparison between stations. 337
Along the West and East Frisian Islands (station 1−9) MP concentrations were of average extent 338 in surface waters (3.5−58.6 particles m -3 ) as well as sediments (38.7−318.4 particles kg -1 (DW)). 339
Furthermore, sediment samples from this region were grouped together by cluster analysis since 340 they showed similar polymer compositions with overall high polymer diversities. Both 341 compartments in this region showed the lowest MP concentration at station 9, situated north of 342 Texel, the most western Frisian Island, and the highest concentration at station 6, north of 343
Ameland. It is very striking that samples from the mouth of the Scheldt and Rhine-Meuse-delta 344 Further spatial patterns could be revealed by applying multivariate statistics, which has been 357 attempted in previous studies as well (Hajbane and Pattiaratchi, 2017; Suaria et al., 2016) . polymer types. We used kR-clustering to reveal a spatial pattern regarding polymer composition 363 followed by ANOVA to uncover the polymer types which drive this structure. The differences in 364 polymer composition show a clear pattern with an imaginary line that can be drawn along 53° N. 365
Stations below 53° N are more diverse in their poly mer composition, which might be related to 366 the influence coming from the English Channel as well as the high riverine input by the Thames, 367 the Scheldt, the Rhine and the Meuse. On the contrary, stations located above 53° N exhibit a 368 more similar polymer composition. ANOVA revealed that the sediment samples of these stations 369 were characterized by the presence of polychloroprene and surface water samples by rubber 370 type 3, represented by ethylene-propylene-diene monomer rubber (EPDM). 371
Interstudy comparison 372
In sediments sampled along the Belgian coast, Claessens et al. vs. ATR-FTIR and FTIR imaging). Relatively small aliquots of the samples were processed in 393 these studies, especially regarding sediment samples. Our protocol enabled us to process the 394 whole sample consisting of 1309−1770 g dry sediment and 15500−51300 L surface water 395 concentrated by the net, respectively. It was however inevitable that we would only be able to 396 analyze aliquots of the processed samples on the measuring filters, for practical reasons, i.e. to 397 improve spectra quality and reduce time demand for analysis. However, for sediments the 398 aliquots comprised on average 48.8% of the samples, being equivalent to a range of 141 to advances in reducing the analysis time, more filters could be analyzed more rapidly than has 404 been possible until now. These developments in methodology are discussed further in the SI 405 Paragraph S6. 406
We acknowledge that the lower limit of the filtration during sample processing was theoretically 407 20 µm. However, this limit can be considered lower when filters become clogged. For this 408 reason, the number of particles between 11-20 µm should be considered as semi-quantitative, 409
and therefore the total detected number is most likely an underestimation. Same applies to some 410 extent also to the fraction 10−100 µm of the surface water samples due to the mesh size of the 411 net. However, this emphasizes even more that very small MP are numerous and should be 412 the potential of entering the North Sea. In this regard, it is even more notable, considering that 445 most of the polymer types reported in these riverine studies would be buoyant in seawater 446 (ρ≤1.025 g cm -3 ), that the concentrations detected in North Sea surface waters are surprisingly 447 low. One explanation might be the very conservative approach of our study. The other, more 448 significant, factor might be that the hydrodynamics of the North Sea have a generally anti-449 clockwise circulation in the center and a northeasterly export along the coast (Howarth, 2001;  
